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Abstract
Nearly 100 million of the 170 million composite and amalgam restorations placed annually in the 
U.S. are replacements for failed restorations. The primary reason both composite and amalgam 
restorations fail is recurrent decay, for which composite restorations experience a 2.0 to 3.5-fold 
increase compared to amalgam. Recurrent decay is a pernicious problem—the standard treatment 
is replacement of defective composites with larger restorations that will also fail, initiating a cycle 
of ever-larger restorations that can lead to root canals, and eventually, to tooth loss. Unlike 
amalgam, composite lacks the inherent capability to seal discrepancies at the restorative material/
tooth interface. The low-viscosity adhesive that bonds the composite to the tooth is intended to 
seal the interface, but the adhesive degrades, which can breach the composite/tooth margin. 
Bacteria and bacterial by-products such as acids and enzymes infiltrate the marginal gaps and the 
composite’s inability to increase the interfacial pH facilitates cariogenic and aciduric bacterial 
outgrowth. Together, these characteristics encourage recurrent decay, pulpal damage, and 
composite failure. This review article examines key biological and physicochemical interactions 
involved in the failure of composite restorations and discusses innovative strategies to mitigate the 
negative effects of pathogens at the adhesive/dentin interface.
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Dental Amalgam and Composite Restorations
Clinical need:
Nearly 60% of the roughly 170 million composite and amalgam restorations placed annually 
in the U.S. 1 are replacements for failed restorations. 2 The number of replacement 
restorations is expected to grow with the increased use of dental composite. Dental 
composites have replaced amalgam as the most popular material for the repair and 
reconstruction of lost or damaged tooth structure.2,3 This shift, which is fueled both by 
composite’s aesthetic appeal and by environmental-mercury-driven global efforts to phase 
out dental amalgam, is not without consequences. Composite restorations fail at 2 to 3.5 
times the rate of dental amalgam.4,5–7 This shortened restoration lifespan is a pernicious 
problem that leads to frequent replacement. Each subsequent restoration risks pulpal injury, 
increased tooth weakness, and eventually, total tooth loss.8,9 High-risk patients and patients 
with advanced carious lesions are particularly vulnerable to composite-restoration failure.
6,10 This increased failure rate will also significantly affect quality of life for a substantial 
fraction of the ~32% of the U.S. population with natural dentition who do not receive regular 
dental treatment.11 Moreover, increased susceptibility of composite margins12 to higher 
concentrations of the cariogenic bacterium Streptococcus mutans will increase the risk of 
untreated decay in the 4 million U.S. children who do not receive regular dental care.13 
Without substantial improvements in composite restoration durability, this shift away from 
amalgam will translate to productivity losses from patients’ inability to concentrate and 
more time spent away from school and work.14
Composites and cariogenic plaque:
The primary reason for replacing composite restorations15 is development of cariogenic 
plaque16-induced lesions (secondary decay) at the margins of existing restorations.3,15,17 
Cariogenic plaque forms when the population of aciduric bacteria increases following high-
frequency exposure to sugars and fermentable carbohydrates.18 Metabolic activity of these 
microbiota acidifies the plaque (pH < 5), which demineralizes the tooth and damages the 
composite surface, prompting further plaque attachment and restoration deterioration.19 
Composite’s inability to neutralize these acids facilitates outgrowth of cariogenic and 
aciduric bacteria,20,21 which causes composites to accumulate more plaque 20,21 and 
facilitates compositional shifts that are advantageous for cariogenic bacteria and detrimental 
for beneficial bacteria.22
Composite/Tooth Bond
Since composite is too viscous to establish a direct bond, a low-viscosity adhesive is 
required at the tooth/composite interface. While efforts to bond adhesive to enamel have 
been successful, efforts to bond dentin have been fraught with problems. The lack of 
effective dentin adhesives is particularly problematic for gingival-margin lesions, which 
typically have very little bondable enamel. Restorations at this margin are also particularly 
susceptible to recurrent decay. Indeed, 80–90% of recurrent decay is located at the gingival 
margin of Class II and V restorations.23 For these restorations, the adhesive often serves as 
the barrier between the tooth and the oral environment,24 and its degradation25,26 leads to 
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gaps at the restoration’s margin21 that bacteria, oral fluids, and bacterial enzymes can 
infiltrate. Dentin margins are particularly susceptible, especially those under mechanical 
load.27 Thus, failed adhesives drive increased susceptibility to recurrent decay and 
composite-restoration failure.3
Difficulties in establishing a durable dentin-adhesive bond:
Dentin surfaces are acid etched to prepare them for adhesive bonding. With the wet-bonding 
technique, acid-etching removes the dentin’s mineral phase without altering the collagen 
matrix. The resulting voids in the water-laden collagen matrix are filled with adhesive that 
undergoes in situ polymerization to create the hybrid layer.28 The ideal hybrid layer would 
be a completely polymerized 3D polymer/collagen network that provides a continuous and 
stable link between the adhesive and dentin. Studies indicate that this ideal is not 
achieved29–40—the hybrid layer retains water-rich pockets of resin-sparse collagen fibrils. 
(Figure 1) These pockets arise from a discrepancy between the depth of dentin 
demineralization and adhesive infiltration.28,33,34,41–45 Acid-etching46 initiates a cascade 
that can degrade this resin-sparse collagen by activating proteolytic enzymes that include 
collagen-degrading matrix metalloproteinases (MMPs).47 MMPs are also abundant in caries-
affected dentin,48 which is often the clinical substrate that must be bonded. The predominant 
methods to address MMP attack entail the use of MMP inhibitors or MMP-inhibitor-
conjugated resin monomers.49 While these-inhibitors can reduce collagen degradation49 and 
shift the major site of failure elsewhere,28 the method can cause decreased monomer-to-
polymer conversion.50 Remineralization51 also impedes MMP-attack, but this technique 
alone does not prevent degradation of the adhesive component in the hybrid layer.49 As a 
result, the primary mechanisms of hybrid-layer failure are degradation of resin-sparse 
collagen fibrils and deterioration of the adhesive.28,44,52
Hybrid-layer deterioration involves hydrolysis and leaching of the adhesive.34,36 The 
structure of methacrylate adhesives suggests a general mechanism for their chemical and 
enzymatic degradation.23 Leaching is facilitated by water ingress into the adhesive’s loosely 
cross-linked domains.53 Water may also be trapped within the adhesive.26,54,55 Water 
plasticizes the polymer and promotes chemical hydrolysis of ester bonds in methacrylate 
materials.56 The carboxylate and alcohol degradation products of ester hydrolysis are more 
hydrophilic than the parent ester, further enhancing the local ingress of water. Over time, 
local domains of the methacrylate network become sufficiently degraded to permit access to 
salivary esterases57–64 and esterases from Streptococcus mutans64 that accelerate ester-bond 
hydrolysis.
Esterase-catalyzed degradation by-products may accumulate within the micro-environment 
of the adhesive/dentin interface—these degradation by-products have been shown to 
promote bacterial growth and up-regulate S. mutans virulence genes and proteins. 65–67 
These by-products could promote deterioration of the interfacial seal and contribute to a 
micro-environment that promotes secondary decay and composite restoration failure. 68
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Strategies to Increase the Durability of Adhesives
Numerous strategies have been proposed to enhance the hydrolytic stability of dental 
adhesives and to promote the integrity and durability of the adhesive/dentin interface. One 
strategy is focused on changing the monomer structure to increase the hydrophobicity. The 
hydrophobicity of the monomers is increased by introducing either a urethane group, 69–71 
branched methacrylate linkage, 72 or ethoxylated BisGMA (BisEMA) 73. These strategies 
temporarily depress water sorption, i.e. the materials will generally become saturated within 
7–60 days 74. Other strategies involve enhancing the monomer conversion in the hybrid 
layer―these strategies focus on providing photoinitiators that are compatible with the 
hydrophobic- and hydrophilic-rich phases that make up the adhesive, 75,76 or increasing the 
time for light-curing 77,78.
Investigators have also proposed to increase the durability of the adhesive bond to dentin by 
using inhibitors (such as zinc or zinc-chelators) of dentin matrix metalloproteinnases 
(MMPs) or biomimetic remineralization 79–82. While MMP-inhibition and biomimetic 
remineralization have shown promise, 83 these techniques can also lead to detrimental 
changes in the material, e.g. decreased monomer/polymer conversion 84. Remineralization 
offers protection for the collagen, but this technique alone does not address the potential for 
hydrolysis of the adhesive 80.
Bisphenol A-glycerolate dimethacrylate (BisGMA) is the most popular crosslinking 
monomer in dental adhesives, but the susceptibility of this monomer to hydrolysis threatens 
the durability of the adhesive. To address this problem, we synthesized silyl-functionalized 
BisGMA (e.g. sily-BisGMA). Adhesive formulations based on a methoxysilyl-
functionalized BisGMA derivative (silyl-BisGMA) showed autonomous strengthening, i.e. 
as opposed to property degradation during aqueous aging the mechanical properties 
increased and the amount of leached HEMA was reduced over 90%. The increase in 
mechanical properties following aqueous aging and the significant decrease in leached 
HEMA reflect a resistance to hydrolysis in the silyl-BisGMA adhesive formulations. The 
introduction of silyl-BisGMA in the adhesive formulation led to higher crosslinked networks 
as compared to BisGMA/HEMA formulations. 85 The higher crosslinked networks are 
envisioned as an important component of a multi-factorial approach to durable adhesives.
We have developed a strategy to enhance the hydrolytic-resistance of adhesives by 
introducing photoacid-catalyzed sol-gel reaction together with the free radical photo-
polymerization of methacrylate. 86–88 The resin, which contains γ-methacryloxyproyl 
trimethoxysilane (MPS) as its Si-based compound, exhibits intrinsic reinforcement of the 
polymer network. The behavior of this novel resin is reminiscent of autonomous 
strengthening properties found in nature.
The proposed mechanism for the intrinsic self-strengthening processes found in these novel 
resin formulations is presented in Figure 2. When the liquid resin formulation is irradiated 
by visible-light, polymethacrylate-based matrix network is formed by simultaneous free 
radical cross-linking polymerization of methacrylate monomers (HEMA, BisGMA, and 
MPS) and the methoxysilyl groups shows limited hydrolysis and condensation. The 
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photoacid-induced sol-gel reaction continued while the sample was stored in the dark and 
after 48 h, about 65% of methoxysilyl groups have been hydrolyzed (Figure 2A). After 
soaking the specimens in water or lactic acid solution, the autonomous hydrolysis and 
condensation of methoxysilyl moieties continues and new crosslinked points are formed 
(Figure 2B). At the same time, the silanol groups react with the hydroxyl groups of HEMA 
or BisGMA to obtain covalent bonds (Si−O−C). In the MPS-containing formulations, the 
rate of hydrolysis of the trialkoxysilyl group is relatively slow as compared to the free 
radical polymerization of the C=C bonds in the methacrylate monomers. The autonomic sol-
gel reaction provided a slow and continued reaction, which can gradually generate the Si–O–
Si bond and resist hydrolytic degradation. 85
Antimicrobial Composites and Adhesives
After nearly 6 decades of research, dental composites continue to show limited clinical 
service as a result of recurrent decay or fracture.2,6,89 Recurrent decay remains the primary 
reason for replacing composite restorations 56 and is a key driver of the ongoing quest to 
develop restorative materials with antibacterial properties.7 Chlorhexidine, fluoride, and 
silver ions are among the antimicrobial agents incorporated in dental materials.56,90–92 
These agents generally achieve their antimicrobial activity through gradual release, an 
approach that can lead to inconsistent dosage, short-term effectiveness, decreased 
mechanical properties, and toxicity to host tissues.56,90
The promise and pitfalls of quaternary ammonium methacrylate (QAM):
QAM-based composites, adhesives, and primers offer promise in terms of antimicrobial 
activity93–97 but suffer from important deficiencies. 7 QAMs may alter the polymer’s 
network structure, decrease monomer-to-polymer conversion, decrease mechanical 
properties, 98 and increase sorption of ethanol, water, and other solvents.7,56,99,100 
Furthermore, the cationic monomer’s high affinity for cell membranes is not limited to 
bacteria—since adhesive and composite polymerization is incomplete, unreacted monomer 
could also leach into tissues, where its high affinity for cell membranes raises cytotoxicity 
concerns.7,101 In addition, quaternary ammonium compounds (QACs) have been associated 
with the growing problem of antimicrobial resistance.102–107 For example, the quaternary 
amines dimethylaminododecyl methacrylate (DMADDM) and benzalkonium chloride 
(BZK) induced development of drug resistance in a biofilm model of S. gordonii.108 
Likewise, exposure to the QAC dimethaylaminohexadecyl methacrylate (DMAHDM) 
induced drug tolerance in an S. mutans biofilm model.109
Minimally Invasive Restorations
The high failure rate of composites and the loss of tooth structure associated with each 
replacement are driving demand for minimally invasive cavity preparations.9,110. Indeed, 
selective removal of carious tissue is encouraged with composite restorations.21 Such cavity 
preparations are routinely infected with residual S. mutans.111 If, like amalgam, the material 
has bacteriostatic effects 7 or if there is an impervious seal between the material and the 
tooth, these residual bacteria might not be major concern. However, current adhesives do not 
provide an impervious seal, and enzymes, oral fluids and bacteria permeate the failed 
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adhesive’s gaps. These agents, together with increased levels of S. mutans localized at the 
composite material’s perimeter,20,112 contribute to recurrent decay and failure of composite 
restorations.21,22 The inability of dentin adhesives to provide a durable bond with the 
clinical substrate is one of the major problems with the use of composites in direct 
restorative dentistry.24
Strategies for Adhesive/Dentin Interfacial Integrity
Supramolecular approaches and rational design
The demand for adhesives that provide a durable barrier to recurrent decay will not be met 
by strategies focused solely on traditional approaches. Based on recent evidence, successful 
approaches will require novel, rationally designed materials that leverage the multifaceted 
attributes of biomolecules, exploit non-covalent interactions, and provide structural and 
functional properties that mimic native tissues.113 Such supramolecular approaches are 
being explored—for example, bioactive peptide scaffolds have been used to induce stem-
cell-based regeneration of dental pulp114 and to promote de novo production of enamel.115 
To date however, the majority of these biomaterials have been soft, rapidly eroding 
hydrogel-based materials that degrade or clear after a few weeks in vivo.113 Such 
biomaterials are not suitable for use as dental adhesives—successful adhesives will require 
both bioactivity and durability.
While investigators would agree that supramolecular approaches offer promise as next 
generation dental adhesives, the design and production of these materials poses significant 
challenges. The properties of adhesives depend on a large parameter space associated with 
features such as composition, polymerization rate, geometry, and processing parameters. 
Optimization of these properties is typically a laborious, iterative process where features are 
systematically changed and the effects determined by measuring the properties of the new 
adhesive—this process will only become more intractable as additional biological 
parameters are included.
With their ability to enable in silico parameter optimization, computational models to 
correlate system parameters with material properties are indispensable for providing 
guidance for targeted design optimization. 24,116–123 Modeling coupled with multi-scale 
characterization provides insights beyond what could be accomplished if either of the 
approaches were applied independently. For example, the modeling effort aims to reveal how 
the micro-scale properties affect the behavior of materials under a range of conditions, from 
quasi-static to dynamic. The desired properties of materials exist on multiple time and length 
scales―the modeling can be performed at each of these scales to capture behavior such as 
mechanical response, transport properties, degradation and failure. Insights from these 
efforts can inform the material design process by narrowing the parameter space to focus 
experimental efforts on the formulations most likely to provide the desired properties and 
outcomes.
In our group, we treat polymer systems as though they possess a pseudo-granular structure 
in which the grain-interactions represent: the average behavior of the covalent bonds within 
a chain, the covalent cross-links between segments in two different polymer chains, non-
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covalent hydrogen bonds, van der Waals interactions, entanglements, and other physical 
interactions. We have used granular micromechanics theory and finite-element modeling for 
describing rate-dependent visco-damage and chemo-poro-viscoelastic behavior of a variety 
material systems,124–127 including for water-hydrophilic-hydrophobic phases in adhesives.
128 The knowledge gained through these efforts has suggested the required monomer 
characteristics for robust polymers with improved durability in harsh, in vivo environments.
Strategically linking biology and engineering
Successful approaches to next generation dental adhesives will require knowledge and 
expertise from diverse disciplines. The remainder of this review will examine approaches 
that strategically link biology and materials engineering to develop durable 
adhesives―materials that will offer adhesive/dentin interfacial integrity with inherent 
biological functionality.
Proton Sponge Adhesives:
The increased incidence of caries at the margins of composite restorations implies that the 
restoration itself may foster conditions that promote decay. 3,17,20–22,27 Cariogenic plaque is 
the direct cause of decay at the margins of composite restorations 16 and the extended 
acidification of cariogenic plaque (pH < 5) provokes events that undermine the composite 
restoration, e.g. the acid demineralizes the tooth and causes severe damage to the composite 
surface prompting further plaque attachment and deterioration of the restoration.19 The 
chemical and enzymatic degradation of the methacrylate-based matrix in composites and 
adhesives could augment the low pH environment, e.g. degradation of methacrylate ester 
groups produces carboxylic acids, which contain the same functional group that is the culprit 
in lactic acid-induced decay.
The inability of the composite to neutralize the acids facilitates the outgrowth of more 
cariogenic and aciduric bacteria.20,21 The lack of buffering capabilities can facilitate 
compositional shifts in plaque that are advantageous for cariogenic bacteria and detrimental 
for beneficial bacteria.22 The impact of cariogenic plaque at the margin of the composite 
restoration could be reduced by engineering novel dentin adhesives that neutralize the acidic 
microenvironment 129.
Integrating basic moieties with an appropriate pKa into methacrylate derivatives provides the 
opportunity to act as an acid-neutralizing proton sponge. We explored this strategy by 
determining the neutralization capacity of amine-containing monomers and the effects of 
solvent environment on pKa 130. The neutralization capacity of polymers was studied by 
adjusting the crosslinking density and employing different amine-containing monomers 
(pKa 6.2 to 9.7), e.g. 2-(dimethylamino) ethyl methacrylate (DMAEMA), 2-
(diisopropylamino) ethyl methacrylate (DIPAEMA), 2-(tert-butylamino) ethyl methacrylate 
(TBAEMA) and 2-N-morpholinoethyl methacrylate (MEMA). 131 (Figure 3) While amine 
monomers with higher pKa values provided increased neutralization capacity, those with 
physiologically relevant pKa values provided the most-effective buffering and yielded a less-
alkaline end point.131 Further investigations with MEMA indicated that the crosslink density 
of the polymer network was associated with neutralization rate, i.e. the lower the crosslink 
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density the faster the neutralization rate. 132 Based on these results, the introduction of 
amine-containing co-monomers offered a promising approach for mitigating acid-provoked 
damage at the composite/tooth interface however the potential for leaching amine-containing 
cytotoxic species is problematic. An alternative strategy involves the use of biomolecules, 
e.g. lysine.
Modulating pH with biomolecules:
Lysine, an essential amino acid, can act as a weak base with a pKa value of 10.5 for the side 
amine group 133–135. (Figure 4) Lysine has been widely used in biomaterials 136–138 and 
studies have revealed its antibacterial properties 139140 and biofilm-disrupting activity 141. 
When incorporated in the adhesive formulation, this essential amino acid could buffer the 
interfacial micro-environment without leaching amine-containing cytotoxic species. Results 
from a recent investigation indicated that lysine-containing adhesives can provide acute 
neutralization of the acidic micro-environment. 135 The incorporation of lysine in dental 
adhesives offers promise as one component of a multi-faceted approach to reduce the 
negative impact of bacteria at the margins of composite restorations. Interestingly, 
investigations with arginine-based dental adhesives have provided evidence that arginine-
release increases the pH of local oral biofilms. 135,142–144 Similar to lysine-release, this 
activity could retard the outgrowth of acid-producing cariogenic bacteria.
Peptide Engineering and Dentin Adhesives
Matrix metalloproteinases (MMPs) are proteinases that degrade both extracellular matrix 
(ECM) proteins and non-ECM proteins. 145 While MMPs are crucial for normal biological 
function, changes in the levels and activity of these proteinases have been implicated in a 
variety of diseases, e.g. cancer metastasis, periodontal inflammation, and tuberculosis. 
117,146–153 MMPs have also been implicated in the degradation of the bond at the composite/
tooth interface 47. Specifically, MMP-8, a collagenase, has been shown to degrade type I 
collagen in dentin. Regulating the activity of MMP-8 as well as other metalloproteinases that 
contribute to the failure of the bond formed at the composite/tooth interface has been the 
subject of numerous investigations. 49,153
Strong inhibition of MMP-8 was achieved using a small metal binding peptide (metal 
abstraction peptide, MAP). 154 MAP is a small peptide (functional unit is three amino acids 
long) that is capable of robbing transition metal ions, e.g. Zn2+ from chelators. 155 As shown 
in Figure 5, the MAP was incorporated into a longer peptide (tether-MAP) and tether-MAP 
was grafted to the surface of amine-containing polymers. The results from this investigation 
showed that the peptide achieved excellent inhibition of MMP-8. The mechanism of MMP-8 
inhibition by the tether-MAP peptide was investigated in a subsequent study using 
ellipsometry. Based on the MAP chemistry, it was postulated that MMP-8 inhibition could 
involve: 1) shared binding of the zinc ion at the active site of MMP-8 by the MAP sequence 
or 2) abstracting the zinc ion from the catalytic portion of the MMP-8 by the MAP tag 156. 
Tether-MAP was attached to hydroxyl- and amine-terminated self-assembled monolayers. 
The peptide coupled surfaces were exposed to MMP-8 and an increase in thickness was 
recorded, suggesting binding between the two species. The binding interaction was reduced 
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by blocking the metal-binding site in the tether-MAP. The results suggest that the 
mechanism for MMP-8 inhibition by the tether-MAP peptide occurred through the 
interaction between the MAP tag and the Zn2+ active site in MMP-8. 156
In addition to the work to inhibit MMP using the MAP tag, we have explored the potential 
of using peptides to provide an integrated interface at the boundary between the adhesive 
and dentin. 157,158 The foundation for this work was the pioneering research conducted by 
Tamerler and colleagues. Tamerler’s research team investigated biocombinatorially selected 
peptides that have specific binding affinities to solid materials including minerals. 159–163 By 
subjecting their peptide selection to cross material screens, they identified peptide sequences 
that exhibit a high degree of specificity compared to other closely related compounds. 164,165 
They demonstrated that peptides, specific to hydroxyapatite mineral, mediated amorphous 
calcium phosphate mineralization. 165 The group further developed bi-functional peptides 
and demonstrated that hydroxyapatite specific peptides when coupled with another peptide 
having gel-forming properties provided biological-like apatite formation in the peptide-
hydrogel matrix. 159,166 By using a knowledge based design using a combination of 
experimental and computational approaches, Tamerler and colleagues also designed 
amelogenin protein-derived peptides that promoted rapid nucleation of calcium/phosphate to 
remineralize artificial root caries in vitro. 164,167. Based on this prior art, we explored 
peptide-mediated mineralization of resin-sparse collagen exposed at the interfacial boundary 
between adhesive and dentin. As shown in Figure 6 an engineered hydroxyapatite specific 
peptide (HABP) was used to remineralize deficient dentin matrices by self-anchoring the 
peptide to the adhesive/dentin interface. We used a fluorescence protein (GFP) which is 
genetically conjugated to the mineralization peptides as a biomarker (GFP-HABP). 168 The 
distribution of adhesive, collagen and mineral along the depth and breadth of the interface 
was determined using micro-Raman spectroscopy and fluoresence microscopy. The results 
indicated peptide-based remineralization of the deficient dentin matrices with homogeneous 
distribution of mineral at the adhesive/dentin interface. 157 We recently further expanded our 
peptide engineering efforts to further improve the interface properties at the boundary 
between the adhesive and dentin. We developed a dental adhesive formulation to incorporate 
an antimicrobial peptide to target S. mutants. With the emergence of bacterial resistance, 
antimicrobial peptides, which are naturally integrated in the oral fluids, 169,170 are getting 
high attention as a promising solution to prevent bacterial infections at the a/d interface. 171 
Building upon the strength of our research team in antimicrobial peptide design and 
application at biomaterial interfaces, 172–175 we modified an antimicrobial peptide sequence 
to integrate into a dental adhesive system. The antimicrobial peptide coupled adhesive 
formulations demonstrated significant antimicrobial activity with the resin, when applied to 
the discs. 176 Integrating antibacterial or mineralization activity using engineered peptides 
within an adhesive provides a path for providing diverse biofunctions to the interface 
between the adhesive and dentin.
Summary
The high susceptibility of composite restorations to recurrent decay is a multifactorial 
problem involving patient characteristics, such as risk factors for decay, gaps at the material/
tissue interface, residual S. mutans in the cavity preparation, and increased levels of S. 
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mutans at the restoration perimeter. Addressing this multifactorial problem requires a 
paradigm shift―as opposed to strategies that focus singularly on structural requirements and 
mechanical properties, integrated approaches that start with the fundamental biology of the 
tissue are sorely needed. 177,178 More comprehensive, biologically informed strategies are 
required to provide dental adhesives that are capable of exploiting native tissue repair 
processes to provide self-healing at the composite/tooth interface.
While biologically informed strategies offer significant promise, they also increase the 
complexity of adhesive development. Large chemical- and process-parameter spaces must be 
probed to optimize adhesives and this process will only become more intractable as 
additional biological parameters are included. Exploring and exploiting such large parameter 
spaces through experimentation alone is both time and resource intensive. Computational 
models to correlate system parameters with material properties have the potential to support 
in silico parameter optimization for next generation bio-enabled multifunctional dental 
adhesives.
Acknowledgements
This investigation was supported by research grants R01DE022054, 3R01DE022054–04S1 and R01DE025476 
from the National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, Maryland 
20892. The authors declare no potential conflicts of interest with respect to the authorship and/or publication of this 
article.
References
1. Kingman A, Hyman J, Masten SA, Jayaram B, Smith C, Eichmiller F, Arnold MC, Wong PA, 
Schaeffer JM, Solanki S and others. Bisphenol A and other compounds in human saliva and urine 
associated with the placement of composite restorations. J Am Dent Assoc 2012;143(12):1292–302. 
[PubMed: 23204083] 
2. Eltahlah D, Lynch CD, Chadwick BL, Blum IR, Wilson NHF. An update on the reasons for 
placement and replacement of direct restorations. J Dent 2018;72:1–7. [PubMed: 29522787] 
3. Ferracane JL. Models of Caries Formation around Dental Composite Restorations. J Dent Res 
2017;96(4):364–371. [PubMed: 28318391] 
4. Afrashtehfar KI, Emami E, Ahmadi M, Eilayyan O, Abi-Nader S, Tamimi F. Failure rate of single-
unit restorations on posterior vital teeth: A systematic review. J Prosthet Dent 2017;117(3):345–353 
e8. [PubMed: 27765400] 
5. Ferracane JL. Resin-based composite performance: are there some things we can’t predict? Dent 
Mater 2013;29(1):51–8. [PubMed: 22809582] 
6. Schwendicke F, Gostemeyer G, Blunck U, Paris S, Hsu LY, Tu YK. Directly Placed Restorative 
Materials: Review and Network Meta-analysis. J Dent Res 2016;95(6):613–22. [PubMed: 
26912220] 
7. Makvandi P, Jamaledin R, Jabbari M, Nikfarjam N, Borzacchiello A. Antibacterial quaternary 
ammonium compounds in dental materials: A systematic review. Dent Mater 2018;34(6):851–867. 
[PubMed: 29678327] 
8. Kopperud SE, Tveit AB, Gaarden T, Sandvik L, Espelid I. Longevity of posterior dental restorations 
and reasons for failure. Eur J Oral Sci 2012;120(6):539–48. [PubMed: 23167471] 
9. Opdam N, Frankenberger R, Magne P. From ‘Direct Versus Indirect’ Toward an Integrated 
Restorative Concept in the Posterior Dentition. Oper Dent 2016;41(S7):S27–S34. [PubMed: 
26918928] 
10. Kopperud SE, Espelid I, Tveit AB, Skudutyte-Rysstad R. Risk factors for caries development on 
tooth surfaces adjacent to newly placed class II composites--a pragmatic, practice based study. J 
Dent 2015;43(11):1323–9. [PubMed: 26327559] 
Spencer et al. Page 10













11. Health US. National Center for Health Statistics. Health, United States, 2007 With Chartbook on 
Trends in the Health of Americans. Hyattsville, MD: 2007.; 2007.
12. Svanberg M, Mjor IA, Orstavik D. Mutans Streptococci in Plaque from Margins of Amalgam 
Composite, and Glass-ionomer Restorations. Journal of Dental Research 1990;69(3):861–864. 
[PubMed: 2109000] 
13. Palmer C Census Bureau targets unmet need. ADA News. 44(7) ed; 2013.
14. Tobi H, Kreulen CM, Vondeling H, van Amerongen WE. Cost-effectiveness of Composite Resins 
and Amalgam in the Replacement of Amalgam Class II Restorations. Community Dent Oral 
Epidemiol. 1999;27:137–143. [PubMed: 10226724] 
15. Chisini LA, Collares K, Cademartori MG, de Oliveira LJC, Conde MCM, Demarco FF, Correa 
MB. Restorations in primary teeth: a systematic review on survival and reasons for failures. Int J 
Paediatr Dent 2018;28(2):123–139. [PubMed: 29322626] 
16. Filoche S, Wong L, Sissons CH. Oral biofilms: emerging concepts in microbial ecology. J Dent 
Res 2010;89(1):8–18. [PubMed: 19918089] 
17. Kuper NK, Opdam NJM, Bronkhorst EM, Ruben JL, Huysmans MCDNJM Hydrodynamic Flow 
through Loading and in vitro Secondary Caries Development. Journal of Dental Research 
2013;92(4):383–387. [PubMed: 23458882] 
18. Marsh PD. Are dental diseases examples of ecological catastrophes? Microbiology 2003;149(Pt 2):
279–94. [PubMed: 12624191] 
19. Beyth N, Bahir R, Matalon S, Domb AJ, Weiss EI. Streptococcus mutans biofilm changes surface-
topography of resin composites. Dent Mater 2008;24(6):732–6. [PubMed: 17897707] 
20. Thomas RZ, van der Mei HC, van der Veen MH, de Soet JJ, Huysmans MC. Bacterial composition 
and red fluorescence of plaque in relation to primary and secondary caries next to composite: an in 
situ study. Oral Microbiol Immunol 2008;23(1):7–13. [PubMed: 18173792] 
21. Nedeljkovic I, Teughels W, De Munck J, Van Meerbeek B, Van Landuyt KL. Is secondary caries 
with composites a material-based problem? Dental Materials 2015;31(11):E247–E277. [PubMed: 
26410151] 
22. Nedeljkovic I, De Munck J, Slomka V, Van Meerbeek B, Teughels W, Van Landuyt KL. Lack of 
Buffering by Composites Promotes Shift to More Cariogenic Bacteria. J Dent Res 2016;95(8):
875–81. [PubMed: 27146702] 
23. Li Y, Carrera C, Chen R, Li J, Lenton P, Rudney JD, Jones RS, Aparicio C, Fok A. Degradation in 
the dentin-composite interface subjected to multi-species biofilm challenges. Acta Biomater 
2014;10(1):375–83. [PubMed: 24008178] 
24. Spencer P, Ye Q, Park J, Topp EM, Misra A, Marangos O, Wang Y, Bohaty BS, Singh V, Sene F 
and others. Adhesive/Dentin interface: the weak link in the composite restoration. Ann Biomed 
Eng 2010;38(6):1989–2003. [PubMed: 20195761] 
25. Tjaderhane L Dentin bonding: can we make it last? Oper Dent 2015;40(1):4–18. [PubMed: 
25615637] 
26. Stape THS, Tjaderhane L, Abuna G, Sinhoreti MAC, Martins LRM, Tezvergil-Mutluay A. 
Optimization of the etch-and-rinse technique: New perspectives to improve resin-dentin bonding 
and hybrid layer integrity by reducing residual water using dimethyl sulfoxide pretreatments. Dent 
Mater 2018;34(7):967–977. [PubMed: 29661578] 
27. Campos PE, Barceleiro Mde O, Sampaio-Filho HR, Martins LR. Evaluation of the cervical 
integrity during occlusal loading of Class II restorations. Oper Dent 2008;33(1):59–64. [PubMed: 
18335734] 
28. Tjaderhane L, Nascimento FD, Breschi L, Mazzoni A, Tersariol IL, Geraldeli S, Tezvergil-Mutluay 
A, Carrilho M, Carvalho RM, Tay FR and others. Strategies to prevent hydrolytic degradation of 
the hybrid layer-A review. Dent Mater 2013;29(10):999–1011. [PubMed: 23953737] 
29. Burrow MF, Satoh M, Tagami J. Dentin durability after three years using a dentin bonding agent 
with and without priming. Dent Mater 1996;12:302–307. [PubMed: 9170998] 
30. Hashimoto M, Ohno H, Kaga M, Endo K, Sano H, Oguchi H. In vivo Degradation of Resin-Dentin 
Bonds in Humans Over 1 to 3 Years. J Dent Res 2000;79:1385–1391. [PubMed: 10890717] 
Spencer et al. Page 11













31. Hashimoto M, Ohno H, Sano H, Tay FR, Kaga M, Kudou Y, Oguchi H, Araki Y, Kubota M. 
Micromorphological Changes in Resin-Dentin Bonds after 1 Year of Water Storage. J. biomed. 
Mater. Res. Applied Biomaterials 2002;63:306–311.
32. Sano H, Yoshikawa T, Pereira PNR, Kanemura N, Morigami M, Tagami J, Pashley DH. Long-term 
Durability of Dentin Bonds Made with a Self-etching Primer, in vivo. J Dent Res 1999;78(4):906–
911. [PubMed: 10326735] 
33. Spencer P, Swafford JR. Unprotected protein at the dentin-adhesive interface. Quintessence Int 
1999;30(7):501–7. [PubMed: 10635264] 
34. Spencer P, Wang Y, Bohaty B. Interfacial chemistry of moisture-aged class II composite 
restorations. J Biomed Mater Res B Appl Biomater 2006;77(2):234–40. [PubMed: 16193488] 
35. Spencer P, Wang Y, Walker MP, Wieliczka DM, Swafford JR. Interfacial chemistry of the dentin/
adhesive bond. J Dent Res 2000;79(7):1458–63. [PubMed: 11005728] 
36. Wang Y, Spencer P. Hybridization efficiency of the adhesive dentin interface with wet bonding. J. 
Dent. Res. 2003;82:141–145. [PubMed: 12562889] 
37. Wang Y, Spencer P. Overestimating hybrid layer quality in polished adhesive/dentin interfaces. J 
Biomed Mater Res 2004;68A:735–746.
38. Wang Y, Spencer P. Physicochemical Interactions at the Interfaces Between Self-Etch Adhesive 
Systems and Dentin. J. Dent 2004;32:567–579. [PubMed: 15386864] 
39. Wang Y, Spencer P. Continuing etching of an all-in-one adhesive in wet dentin tubules. J. Dent. 
Res. 2005;84:350–354. [PubMed: 15790742] 
40. Wang Y, Spencer P, Yao X. Micro-Raman Imaging Analysis of Monomer/Mineral Distribution in 
Intertubular Region of Adhesive/Dentin Interfaces. J Biomed Optics 2006;11:024005-1 to 
024005-7.
41. Spencer P, Wang Y. Adhesive phase separation at the dentin interface under wet bonding 
conditions. J Biomed Mater Res 2002;62(3):447–56. [PubMed: 12209931] 
42. Wang Y, Spencer P. Interfacial chemistry of class II composite restoration: structure analysis. J 
Biomed Mater Res A 2005;75(3):580–7. [PubMed: 16104050] 
43. Kermanshahi S, Santerre JP, Cvitkovitch DG, Finer Y. Biodegradation of resin-dentin interfaces 
increases bacterial microleakage. J Dent Res 2010;89(9):996–1001. [PubMed: 20505047] 
44. Liu Y, Tjaderhane L, Breschi L, Mazzoni A, Li N, Mao J, Pashley DH, Tay FR. Limitations in 
bonding to dentin and experimental strategies to prevent bond degradation. J Dent Res 2011;90(8):
953–68. [PubMed: 21220360] 
45. Pashley DH, Tay FR, Breschi L, Tjaderhane L, Carvalho RM, Carrilho M, Tezvergil-Mutluay A. 
State of the art etch-and-rinse adhesives. Dent Mater 2011;27(1):1–16. [PubMed: 21112620] 
46. Sano H Microtensile testing, nanoleakage, and biodegradation of resin-dentin bonds. J Dent Res 
2006 85:11–4. [PubMed: 16373674] 
47. Pashley DH, Tay FR, Yiu C, Hashimoto M, Breschi L, Carvalho RM, Ito S. Collagen degradation 
by host-derived enzymes during aging. J Dent Res 2004;83(3):216–21. [PubMed: 14981122] 
48. Vidal CM, Tjaderhane L, Scaffa PM, Tersariol IL, Pashley D, Nader HB, Nascimento FD, Carrilho 
MR. Abundance of MMPs and cysteine cathepsins in caries-affected dentin. J Dent Res 
2014;93(3):269–74. [PubMed: 24356440] 
49. Brackett MG, Li N, Brackett WW, Sword RJ, Qi YP, Niu LN, Pucci CR, Dib A, Pashley DH, Tay 
FR. The critical barrier to progress in dentine bonding with the etch-and-rinse technique. J Dent 
2011;39(3):238–48. [PubMed: 21215788] 
50. Pallan S, Furtado Araujo MV, Cilli R, Prakki A. Mechanical properties and characteristics of 
developmental copolymers incorporating catechin or chlorhexidine. Dent Mater 2012;28(6):687–
94. [PubMed: 22460187] 
51. Tay FR, Pashley DH. Guided tissue remineralisation of partially demineralised human dentine. 
Biomaterials 2008;29(8):1127–37. [PubMed: 18022228] 
52. Hashimoto M A review--micromorphological evidence of degradation in resin-dentin bonds and 
potential preventional solutions. J Biomed Mater Res B Appl Biomater 2010;92(1):268–80. 
[PubMed: 19904824] 
Spencer et al. Page 12













53. Singh V Non-linear rate-dependent material model with damage and plasticity from granular 
micromechanics approach: University of Kansas; 2014.
54. Ito S, Hashimoto M, Wadgaonkar B, Svizero N, Carvalho RM, Yiu C, Rueggeberg FA, Foulger S, 
Saito T, Nishitani Y and others. Effects of resin hydrophilicity on water sorption and changes in 
modulus of elasticity. Biomaterials 2005;26(33):6449–6459. [PubMed: 15949841] 
55. Yoshida E, Uno S, Nodasaka Y, Kaga M, Hirano S. Relationship between water status in dentin and 
interfacial morphology in all-in-one adhesives. Dent Mater 2007;23(5):556–60. [PubMed: 
16765430] 
56. Frassetto A, Breschi L, Turco G, Marchesi G, Di Lenarda R, Tay FR, Pashley DH, Cadenaro M. 
Mechanisms of degradation of the hybrid layer in adhesive dentistry and therapeutic agents to 
improve bond durability--A literature review. Dent Mater 2016;32(2):e41–53. [PubMed: 
26743967] 
57. Donmez N, Belli S, Pashley DH, Tay FR. Ultrastructural correlates of in vivo/in vitro bond 
degradation in self-etch adhesives. Journal of Dental Research 2005;84(4):355–359. [PubMed: 
15790743] 
58. Finer Y, Jaffer F, Santerre JP. Mutual influence of cholesterol esterase and pseudocholinesterase on 
the biodegradation of dental composites. Biomaterials 2004 25(10):1787–93. [PubMed: 14738842] 
59. Finer Y, Santerre JP. The influence of resin chemistry on a dental composite’s biodegradation. 
Journal of Biomedical Materials Research 2004;69A:233–46.
60. Finer Y, Santerre JP. Salivary esterase activity and its association with the biodegradation of dental 
composites. Journal of Dental Research 2004;83:22–6. [PubMed: 14691108] 
61. Hagio M, Kawaguchi M, Motokawa W, Mizayaki K. Degradation of Methacrylate Monomers in 
Human Saliva. Dental Materials Journal 2006;25(2):241–246. [PubMed: 16916224] 
62. Munksgaard EC, Freund M. Enzymatic hydrolysis of (di)methacrylates and their polymers. 
Scandinavian Journal of Dental Research 1990;98:261–267. [PubMed: 2349453] 
63. Yourtee DM, Smith RE, Russo KA, Burmaster S, Cannon JM, Eick JD, Kostoryz EL. The stability 
of methacrylate biomaterials when enzyme challenged: Kinetic and systematic evaluations. Journal 
of Biomedical Materials Research 2001;57(4):523–531.
64. Bourbia M, Ma D, Cvitkovitch DG, Santerre JP, Finer Y. Cariogenic bacteria degrade dental resin 
composites and adhesives. J Dent Res 2013;92(11):989–94. [PubMed: 24026951] 
65. Singh J, Khalichi P, Cvitkovitch DG, Santerre JP. Composite resin degradation products from 
BisGMA monomer modulate the expression of genes associated with biofilm formation and other 
virulence factors in Streptococcus mutans. J Biomed Mater Res A 2009;88(2):551–60. [PubMed: 
18314895] 
66. Khalichi P, Singh J, Cvitkovitch DG, Santerre JP. The influence of triethylene glycol derived from 
dental composite resins on the regulation of Streptococcus mutans gene expression. Biomaterials 
2009;30(4):452–9. [PubMed: 18990441] 
67. Sadeghinejad L, Cvitkovitch DG, Siqueira WL, Merritt J, Santerre JP, Finer Y. Mechanistic, 
genomic and proteomic study on the effects of BisGMA-derived biodegradation product on 
cariogenic bacteria. Dent Mater 2017;33(2):175–190. [PubMed: 27919444] 
68. Huang B, Cuitizouitch DG, Santerre JP, Finer Y. Biodegradation of resin-dentin interfaces is 
dependent on the restorative material, mode of adhesion, esterase or MMP inhibition. Dental 
Materials 2018;34(9):1253–1262. [PubMed: 29789163] 
69. Park JG, Ye Q, Topp EM, Spencer P. Enzyme-Catalyzed Hydrolysis of Dentin Adhesives 
Containing a New Urethane-Based Trimethacrylate Monomer. Journal of Biomedical Materials 
Research Part B-Applied Biomaterials 2009;91B(2):562–571.
70. Finer Y, Santerre JP. Salivary esterase activity and its association with the biodegradation of dental 
composites. Journal of Dental Research 2004;83(1):22–26. [PubMed: 14691108] 
71. Hagio M, Kawaguchi M, Motokawa W, Miyazaki K. Degradation of methacrylate monomers in 
human saliva. Dental Materials Journal 2006;25(2):241–246. [PubMed: 16916224] 
72. Yourtee DM, Smith RE, Russo KA, Burmaster S, Cannon JM, Eick JD, Kostoryz EL. The stability 
of methacrylate biomaterials when enzyme challenged: Kinetic and systematic evaluations. Journal 
of Biomedical Materials Research 2001;57(4):522–531. [PubMed: 11553882] 
Spencer et al. Page 13













73. Sideridou I, Tserki V, Papanastasiou G. Study of water sorption, solubility and modulus of 
elasticity of light-cured dimethacrylate-based dental resins. Biomaterials 2003;24(4):655–665. 
[PubMed: 12437960] 
74. Ferracane JL. Water sorption and solubility of experimental dental composites. Abstracts of Papers 
of the American Chemical Society 1997;214:142-POLY.
75. Ye Q, Park J, Topp E, Spencer P. Effect of photoinitiators on the in vitro performance of a dentin 
adhesive exposed to simulated oral environment. Dental Materials 2009;25(4):452–458. [PubMed: 
19027937] 
76. Moszner N, Hirt T. New polymer-chemical developments in clinical dental polymer materials: 
Enamel-dentin adhesives and restorative composites. Journal of Polymer Science Part a-Polymer 
Chemistry 2012;50(21):4369–4402.
77. Feitosa VP, Watson TF, Vitti RP, Bacchi A, Correr-Sobrinho L, Correr AB, Sinhoreti MAC, Sauro 
S. Prolonged Curing Time Reduces the Effects of Simulated Pulpal Pressure on the Bond Strength 
of One-step Self-etch Adhesives. Operative Dentistry 2013;38(5):545–554. [PubMed: 23215642] 
78. Hass V, Luque-Martinez I, Sabino NB, Loguercio AD, Reis A. Prolonged exposure times of one-
step self-etch adhesives on adhesive properties and durability of dentine bonds. J Dent 
2012;40(12):1090–102. [PubMed: 23017823] 
79. Toledano M, Yamauti M, Osorio E, Osorio R. Zinc-Inhibited MMP-Mediated Collagen 
Degradation after Different Dentine Demineralization Procedures. Caries Research 2012;46(3):
201–207. [PubMed: 22516944] 
80. Tjaderhane L, Nascimento FD, Breschi L, Mazzoni A, Tersariol ILS, Geraldeli S, Tezvergil-
Mutluay A, Carrilho M, Carvalho RM, Tay FR and others. Strategies to prevent hydrolytic 
degradation of the hybrid layer-A review. Dental Materials 2013;29(10):999–1011. [PubMed: 
23953737] 
81. Mazzoni A, Carrilho M, Papa V, Tjaderhane L, Gobbi P, Nucci C, Di Lenarda R, Mazzotti G, Tay 
FR, Pashley DH and others. MMP-2 assay within the hybrid layer created by a two-step etch-and-
rinse adhesive: Biochemical and immunohistochemical analysis. Journal of Dentistry 2011;39(7):
470–477. [PubMed: 21554921] 
82. Tezvergil-Mutluay A, Agee KA, Hoshika T, Carrilho M, Breschi L, Tjaderhane L, Nishitani Y, 
Carvalho RM, Looney S, Tay FR and others. The requirement of zinc and calcium ions for 
functional MMP activity in demineralized dentin matrices. Dental Materials 2010;26(11):1059–
1067. [PubMed: 20688380] 
83. Brackett MG, Li N, Brackett WW, Sword RJ, Qi YP, Niu LN, Pucci CR, Dib A, Pashley DH, Tay 
FR. The critical barrier to progress in dentine bonding with the etch-and-rinse technique. Journal 
of Dentistry 2011;39(3):238–248. [PubMed: 21215788] 
84. Pallan S, Araujo MVF, Cilli R, Prakki A. Mechanical properties and characteristics of 
developmental copolymers incorporating catechin or chlorhexidine. Dental Materials 2012;28(6):
687–694. [PubMed: 22460187] 
85. Song LY, Ye Q, Ge XP, Misra A, Tamerler C, Spencer P. New silyl-functionalized BisGMA 
provides autonomous strengthening without leaching for dental adhesives. Acta Biomaterialia 
2019;83:130–139. [PubMed: 30366133] 
86. Song L, Ye Q, Ge X, Misra A, Spencer P. Mimicking nature: Self-strengthening properties in a 
dental adhesive. Acta Biomater 2016;35:138–52. [PubMed: 26883773] 
87. Song L, Ye Q, Ge X, Misra A, Tamerler C, Spencer P. Self-strengthening hybrid dental adhesive 
via visible-light irradiation triple polymerization. RSC Advances 2016;6(57):52434–52447. 
[PubMed: 27774144] 
88. Song L, Ye Q, Ge X, Misra A, Tamerler C, Spencer P. Fabrication of hybrid crosslinked network 
with buffering capabilities and autonomous strengthening characteristics for dental adhesives. Acta 
Biomater 2018;67:111–121. [PubMed: 29229545] 
89. Drummond JL. Degradation, fatigue, and failure of resin dental composite materials. J Dent Res 
2008;87(8):710–9. [PubMed: 18650540] 
90. Pietrokovski Y, Nisimov I, Kesler-Shvero D, Zaltsman N, Beyth N. Antibacterial effect of 
composite resin foundation material incorporating quaternary ammonium polyethyleneimine 
nanoparticles. J Prosthet Dent 2016;116(4):603–609. [PubMed: 27157602] 
Spencer et al. Page 14













91. Cheng L, Weir MD, Xu HH, Kraigsley AM, Lin NJ, Lin-Gibson S, Zhou X. Antibacterial and 
physical properties of calcium-phosphate and calcium-fluoride nanocomposites with 
chlorhexidine. Dent Mater 2012;28(5):573–83. [PubMed: 22317794] 
92. Xia WRM, Ashley P, Neel EAA, Hofmann MP, Young AM. Quantifying effects of interactions 
between polyacrylic acid and chlorhexidine in dicalcium phosphate-forming cements. J. Mater. 
Chem. B. 2014;2:1673–1680.
93. Li F, Chen J, Chai Z, Zhang L, Xiao Y, Fang M, Ma S. Effects of a dental adhesive incorporating 
antibacterial monomer on the growth, adherence and membrane integrity of Streptococcus mutans. 
J Dent 2009;37(4):289–96. [PubMed: 19185408] 
94. Xie X, Moller J, Konradi R, Kisielow M, Franco-Obregon A, Nyfeler E, Muhlebach A, Chabria M, 
Textor M, Lu Z and others. Automated time-resolved analysis of bacteria-substrate interactions 
using functionalized microparticles and flow cytometry. Biomaterials 2011;32(19):4347–57. 
[PubMed: 21458060] 
95. Imazato S, Kinomoto Y, Tarumi H, Ebisu S, Tay FR. Antibacterial activity and bonding 
characteristics of an adhesive resin containing antibacterial monomer MDPB. Dent Mater 
2003;19(4):313–9. [PubMed: 12686296] 
96. Cheng L, Zhang K, Melo MA, Weir MD, Zhou X, Xu HH. Anti-biofilm dentin primer with 
quaternary ammonium and silver nanoparticles. J Dent Res 2012;91(6):598–604. [PubMed: 
22492276] 
97. Zhang K, Cheng L, Imazato S, Antonucci JM, Lin NJ, Lin-Gibson S, Bai Y, Xu HH. Effects of 
dual antibacterial agents MDPB and nano-silver in primer on microcosm biofilm, cytotoxicity and 
dentine bond properties. J Dent 2013;41(5):464–74. [PubMed: 23402889] 
98. Zaltsman N, Ionescu AC, Weiss EI, Brambilla E, Beyth S, Beyth N. Surface-modified 
nanoparticles as anti-biofilm filler for dental polymers. Plos One 2017;12(12).
99. Delaviz Y, Finer Y, Santerre JP. Biodegradation of resin composites and adhesives by oral bacteria 
and saliva: a rationale for new material designs that consider the clinical environment and 
treatment challenges. Dent Mater 2014;30(1):16–32. [PubMed: 24113132] 
100. Hoshika T, Nishitani Y, Yoshiyama M, Key WO 3rd, Brantley W, Agee KA, Breschi L, Cadenaro 
M, Tay FR, Rueggeberg F and others. Effects of quaternary ammonium-methacrylates on the 
mechanical properties of unfilled resins. Dent Mater 2014;30(11):1213–23. [PubMed: 25199439] 
101. Li F, Weir MD, Fouad AF, Xu HH. Time-kill behaviour against eight bacterial species and 
cytotoxicity of antibacterial monomers. J Dent 2013;41(10):881–91. [PubMed: 23876930] 
102. Schwaiger K, Harms KS, Bischoff M, Preikschat P, Molle G, Bauer-Unkauf I, Lindorfer S, 
Thalhammer S, Bauer J, Holzel CS. Insusceptibility to disinfectants in bacteria from animals, 
food and humans-is there a link to antimicrobial resistance? Front Microbiol 2014;5:88. 
[PubMed: 24672513] 
103. Bragg R, Jansen A, Coetzee M, van der Westhuizen W, Boucher C. Bacterial resistance to 
Quaternary Ammonium Compounds (QAC) disinfectants. Adv Exp Med Biol 2014;808:1–13. 
[PubMed: 24595606] 
104. Jaglic ZCD. Genetic basis of resistance to quaternary ammonium compounds - the qac genes and 
their role: a review. Veterinarni Medicina 2012;57(6):275–281.
105. Cervinkova D, Babak V, Marosevic D, Kubikova I, Jaglic Z. The role of the qacA gene in 
mediating resistance to quaternary ammonium compounds. Microb Drug Resist 2013;19(3):160–
7. [PubMed: 23256651] 
106. Soumet C, Fourreau E, Legrandois P, Maris P. Resistance to phenicol compounds following 
adaptation to quaternary ammonium compounds in Escherichia coli. Vet Microbiol 2012;158(1–
2):147–52. [PubMed: 22397929] 
107. Buffet-Bataillon S, Tattevin P, Bonnaure-Mallet M, Jolivet-Gougeon A. Emergence of resistance 
to antibacterial agents: the role of quaternary ammonium compounds--a critical review. Int J 
Antimicrob Agents 2012;39(5):381–9. [PubMed: 22421329] 
108. Wang S, Wang H, Ren B, Li X, Wang L, Zhou H, Weir MD, Zhou X, Masri RM, Oates TW and 
others. Drug resistance of oral bacteria to new antibacterial dental monomer 
dimethylaminohexadecyl methacrylate. Sci Rep 2018;8(1):5509. [PubMed: 29615732] 
Spencer et al. Page 15













109. Jiang YL, Qiu W, Zhou XD, Li H, Lu JZ, Xu HHK, Peng XA, Li MY, Feng MY, Cheng L and 
others. Quaternary ammonium-induced multidrug tolerant Streptococcus mutans persisters 
elevate cariogenic virulence in vitro. International Journal of Oral Science 2017;9.
110. Banzi EC, Costa AR, Puppin-Rontani RM, Babu J, Garcia-Godoy F. Inhibitory effects of a cured 
antibacterial bonding system on viability and metabolic activity of oral bacteria. Dent Mater 
2014;30(9):e238–44. [PubMed: 24880721] 
111. Koopaeei MM, Inglehart MR, McDonald N, Fontana M. General dentists’, pediatric dentists’, and 
endodontists’ diagnostic assessment and treatment strategies for deep carious lesions: A 
comparative analysis. J Am Dent Assoc 2017;148(2):64–74. [PubMed: 27986266] 
112. Leinfelder KF. Do restorations made of amalgam outlast those made of resin-based composite? 
Journal of the American Dental Association 2000;131(8):1186–1187. [PubMed: 10953536] 
113. Webber MJ, Appel EA, Meijer EW, Langer R. Supramolecular biomaterials. Nat Mater 
2016;15(1):13–26. [PubMed: 26681596] 
114. Galler KM, Hartgerink JD, Cavender AC, Schmalz G, D’Souza RN. A customized self-
assembling peptide hydrogel for dental pulp tissue engineering. Tissue Eng Part A 2012;18(1–2):
176–84. [PubMed: 21827280] 
115. Huang Z, Newcomb CJ, Bringas P Jr., Stupp SI, Snead ML. Biological synthesis of tooth enamel 
instructed by an artificial matrix. Biomaterials 2010;31(35):9202–11. [PubMed: 20869764] 
116. Singh V, Misra A, Marangos O, Park J, Ye Q, Kieweg SL, Spencer P. Fatigue life prediction of 
dentin-adhesive interface using micromechanical stress analysis. Dent Mater 2011;27(9):e187–
95. [PubMed: 21700326] 
117. Spencer P, Ye Q, Misra A, Goncalves SE, Laurence JS. Proteins, Pathogens, and Failure at the 
Composite-Tooth Interface. J Dent Res 2014;93(12):1243–1250. [PubMed: 25190266] 
118. Abedin F, Roughton B, Spencer P, Ye Q, Camarda K. Computational Molecular Design of Water 
Compatible Dentin Adhesive System. Computer Aided Chemical Engineering 2015;37:2081–
2086.
119. Spencer P, Misra A, Ye Q. Fundamentals of the Material-Tissue Interface in Dental 
Reconstructions: Structure/Property Relationships and Characterization In: Spencer P, Misra A, 
editors. Material-Tissue Interfacial Phenomena. Amsterdam: Woodhead Publishing; 2017 p 86–
111.
120. Misra A, Singh V, Parthasarathy R. Material-Tissue Interfacial Phenomena: Challenges in 
mathematical modeling In: Spencer P, Misra A, editors. Material-Tissue Interfacial Phenomena. 
Amsterdam: Woodhead Publishing; 2017 p 253–264.
121. Abedin F, Roughton B, Ye Q, Spencer P, Camarda K. Computer-aided molecular design of water 
compatible visible light photosensitizers for dental adhesive. Chemical Engineering Science 
2017;159:131–139. [PubMed: 29176909] 
122. Eslick J, Shulda SM, Spencer P, Camarda KV. Optimization-based Approaches to Computational 
Molecular Design In: Adjiman C, Galindo A, editors. Process Systems Engineering: Vol. 6 
Molecular Systems Engineering. Weinheim, Germany: Wiley-VHC; 2010.
123. Eslick J, Ye Q, Park J, Topp EM, Spencer P, Camarda KV. A computational molecular design 
framework for crosslinked polymer networks. Computers and Chemical Engineering 
2009;33:954–963. [PubMed: 23904665] 
124. Misra A, Parthasarathy R, Singh V, Spencer P. Poromechanics Parameters of Fluid-Saturated 
Chemically Active Fibrous Media Derived from a Micromechanical Approach. J Nanomech 
Micromech 2013;3(4).
125. Misra A, Singh V. Micromechanical model for viscoelastic materials undergoing damage. 
Continuum Mechanics and Thermodynamics 2013;25(2–4):343–358.
126. Misra A, Chang CS. Effective Elastic Moduli of Heterogeneous Granular Solids. International 
Journal of Solids and Structures 1993;30:2547–2566.
127. Misra A, Parthasarathy R, Singh V, Spencer P. Micro-poromechanics model of fluid-saturated 
chemically active fibrous media. ZAMM, Journal of Applied Mathematics and Mechanics, 
Zeitschrift für Angewandte Mathematik und Mechanik 2013:1–20.
Spencer et al. Page 16













128. Misra A, Parthasarathy R, Ye Q, Singh V, Spencer P. Swelling equilibrium of dentin adhesive 
polymers formed on the water-adhesive phase boundary: experiments and micromechanical 
model. Acta Biomater 2014;10(1):330–42. [PubMed: 24076070] 
129. Spencer P, Ye Q, Misra A, Goncalves SEP, Laurence JS. Proteins, Pathogens, and Failure at the 
Composite-Tooth Interface. Journal of Dental Research 2014;93(12):1243–1249. [PubMed: 
25190266] 
130. Laurence JS, Nelson BN, Ye Q, Park J, Spencer P. Characterization of Acid-Neutralizing Basic 
Monomers in Co-Solvent Systems by NMR. International Journal of Polymeric Materials and 
Polymeric Biomaterials 2014;63(7):361–367.
131. Ge X, Ye Q, Song L, Spencer P, Laurence JS. Effect of crosslinking density of polymers and 
chemical structure of amine-containing monomers on the neutralization capacity of dentin 
adhesives. Dent Mater 2015;31(10):1245–53. [PubMed: 26342639] 
132. Song L, Ye Q, Ge X, Spencer P. Compositional design and optimization of dentin adhesive with 
neutralization capability. J Dent 2015;43(9):1132–9. [PubMed: 26144189] 
133. Oregioni A, Stieglitz B, Kelly G, Rittinger K, Frenkiel T. Determination of the pK(a) of the N-
terminal amino group of ubiquitin by NMR. Scientific Reports 2017;7:8. [PubMed: 28127058] 
134. Wu XW, Lee JY, Brooks BR. Origin of pK(a) Shifts of Internal Lysine Residues in SNase Studied 
Via Equal-Molar VMMS Simulations in Explicit Water. Journal of Physical Chemistry B 
2017;121(15):3318–3330.
135. Song L, Ge X, Ye Q, Boone K, Xie S-X, Misra A, Tamerler C, Spencer P. Modulating pH through 
lysine integrated dental adhesives. Dental Materials 2018.
136. Jacobs EE, Gronowicz G, Hurley MM, Kuhn LT. Biomimetic calcium phosphate/polyelectrolyte 
multilayer coatings for sequential delivery of multiple biological factors. Journal of Biomedical 
Materials Research Part A 2017;105(5):1500–1509. [PubMed: 28002652] 
137. Misbah MH, Santos M, Quintanilla L, Gunter C, Alonso M, Taubert A, Rodriguez-Cabello JC. 
Recombinant DNA technology and click chemistry: a powerful combination for generating a 
hybrid elastin-like-statherin hydrogel to control calcium phosphate mineralization. Beilstein 
Journal of Nanotechnology 2017;8:772–783. [PubMed: 28487820] 
138. Simionescu A, Simionescu D, Deac R. LYSINE-ENHANCED GLUTARALDEHYDE CROSS-
LINKING OF COLLAGENOUS BIOMATERIALS. Journal of Biomedical Materials Research 
1991;25(12):1495–1505. [PubMed: 1794997] 
139. Konai MM, Haldar J. Lysine-Based Small Molecules That Disrupt Biofilms and Kill both 
Actively Growing Planktonic and Nondividing Stationary Phase Bacteria. ACS Infect Dis 
2015;1(10):469–78. [PubMed: 27623313] 
140. Wan Y, Liu L, Yuan S, Sun J, Li Z. pH-Responsive Peptide Supramolecular Hydrogels with 
Antibacterial Activity. Langmuir 2017;33(13):3234–3240. [PubMed: 28282150] 
141. Konai MM, Haldar J. Lysine-Based Small Molecules That Disrupt Biofilms and Kill both 
Actively Growing Planktonic and Nondividing Stationary Phase Bacteria. Acs Infectious 
Diseases 2015;1(10):469–478. [PubMed: 27623313] 
142. Nascimento MM, Liu Y, Kalra R, Perry S, Adewumi A, Xu X, Primosch RE, Burne RA. Oral 
Arginine Metabolism May Decrease the Risk for Dental Caries in Children. Journal of Dental 
Research 2013;92(7):604–608. [PubMed: 23640952] 
143. Nascimento MM, Browngardt C, Xiaohui X, Klepac-Ceraj V, Paster BJ, Burne RA. The effect of 
arginine on oral biofilm communities. Mol Oral Microbiol 2014;29(1):45–54. [PubMed: 
24289808] 
144. Nascimento MM, Burne RA. Caries Prevention by Arginine Metabolism in Oral Biofilms: 
Translating Science into Clinical Success. Current Oral Health Reports 2014;1(1):79–85.
145. Dejonckheere E, Vandenbroucke RE, Libert C. Matrix metalloproteinases as drug targets in 
ischemia/reperfusion injury. Drug Discovery Today 2011;16(17–18):762–778. [PubMed: 
21745586] 
146. Gutierrez-Fernandez A, Fueyo A, Folgueras AR, Garabaya C, Pennington CJ, Pilgrim S, Edwards 
DR, Holliday DL, Jones JL, Span PN and others. Matrix metalloproteinase-8 functions as a 
metastasis suppressor through modulation of tumor cell adhesion and invasion. Cancer Research 
2008;68(8):2755–2763. [PubMed: 18413742] 
Spencer et al. Page 17













147. Milia E, Cumbo E, Cardoso RJ, Gallina G. Current dental adhesives systems. A narrative review. 
Curr Pharm Des 2012;18(34):5542–52. [PubMed: 22632386] 
148. Sulkala M, Tervahartiala T, Sorsa T, Larmas M, Salo T, Tjaderhane L. Matrix metalloproteinase-8 
(MMP-8) is the major collagenase in human dentin. Arch Oral Biol 2007;52(2):121–7. [PubMed: 
17045563] 
149. Wells JM, Gaggar A, Blalock JE. MMP generated matrikines. Matrix Biol 2015;44–46:122–9.
150. Hadler-Olsen E, Winberg JO, Uhlin-Hansen L. Matrix metalloproteinases in cancer: their value as 
diagnostic and prognostic markers and therapeutic targets. Tumor Biology 2013;34(4):2041–
2051. [PubMed: 23681802] 
151. Shapiro SD. Matrix metalloproteinase degradation of extracellular matrix: biological 
consequences. Curr Opin Cell Biol 1998;10(5):602–8. [PubMed: 9818170] 
152. Buzalaf MA, Kato MT, Hannas AR. The role of matrix metalloproteinases in dental erosion. Adv 
Dent Res 2012;24(2):72–6. [PubMed: 22899684] 
153. Tjaderhane L, Nascimento FD, Breschi L, Mazzoni A, Tersariol ILS, Geraldeli S, Tezvergil-
Mutluay A, Carrilho MR, Carvalho RM, Tay FR and others. Optimizing dentin bond durability: 
Control of collagen degradation by matrix metalloproteinases and cysteine cathepsins. Dental 
Materials 2013;29(1):116–135. [PubMed: 22901826] 
154. Dixit N, Settle JK, Ye Q, Berrie CL, Spencer P, Laurence JS. Grafting MAP peptide to dental 
polymer inhibits MMP-8 activity. J Biomed Mater Res B Appl Biomater 2015;103(2):324–31. 
[PubMed: 24889674] 
155. Krause ME, Glass AM, Jackson TA, Laurence JS. MAPping the chiral inversion and structural 
transformation of a metal-tripeptide complex having ni-superoxide dismutase activity. Inorg 
Chem 2011;50(6):2479–87. [PubMed: 21280586] 
156. Tucker JK, McNiff ML, Ulapane SB, Spencer P, Laurence JS, Berrie CL. Mechanistic 
investigations of matrix metalloproteinase-8 inhibition by metal abstraction peptide. 
Biointerphases 2016;11(2):021006. [PubMed: 27129919] 
157. Ye Q, Spencer P, Yuca E, Tamerler C. Engineered Peptide Repairs Defective Adhesive-Dentin 
Interface. Macromol Mater Eng 2017;302(5).
158. Yuca E, Utku FS, Spencer P, C. T. Chimeric Biomolecules: Biomolecular Recognition-Based 
Self-Organization at the Bio-Material Interfaces In: Spencer P, Misra A, editors. Material-Tissue 
Interfacial Phenomena. Amsterdam: Woodhead Publishing; 2017 p 285–324.
159. Gungormus M, Fong H, Kim IW, Evans JS, Tamerler C, Sarikaya M. Regulation of in vitro 
calcium phosphate mineralization by combinatorially selected hydroxyapatite-binding peptides. 
Biomacromolecules 2008;9(3):966–73. [PubMed: 18271563] 
160. Tamerler C, Sarikaya M. Molecular biomimetics: nanotechnology and bionanotechnology using 
genetically engineered peptides. Philosophical Transactions of the Royal Society a-Mathematical 
Physical and Engineering Sciences 2009;367(1894):1705–1726.
161. Tamerler C, Sarikaya M. Genetically designed Peptide-based molecular materials. ACS Nano 
2009;3(7):1606–15. [PubMed: 21452861] 
162. Tamerler C, Khatayevich D, Gungormus M, Kacar T, Oren EE, Hnilova M, Sarikaya M. 
Molecular biomimetics: GEPI-based biological routes to technology. Biopolymers 2010;94(1):
78–94. [PubMed: 20091881] 
163. Tamerler C, Sarikaya M. Molecular biomimetics: utilizing nature’s molecular ways in practical 
engineering. Acta Biomater 2007;3(3):289–99. [PubMed: 17257913] 
164. Evans JS, Samudrala R, Walsh TR, Oren EE, Tamerler C. Molecular design of inorganic-binding 
polypeptides. Mrs Bulletin 2008;33(5):514–518.
165. Yazici H, Fong H, Wilson B, Oren EE, Amos FA, Zhang H, Evans JS, Snead ML, Sarikaya M, 
Tamerler C. Biological response on a titanium implant-grade surface functionalized with modular 
peptides. Acta Biomater 2013;9(2):5341–52. [PubMed: 23159566] 
166. Gungormus M, Branco M, Fong H, Schneider JP, Tamerler C, Sarikaya M. Self assembled bi-
functional peptide hydrogels with biomineralization-directing peptides. Biomaterials 
2010;31(28):7266–74. [PubMed: 20591477] 
Spencer et al. Page 18













167. Oren EE, Tamerler C, Sahin D, Hnilova M, Seker UOS, Sarikaya M, Samudrala R. A novel 
knowledge-based approach to design inorganic-binding peptides. Bioinformatics 2007;23(21):
2816–2822. [PubMed: 17875545] 
168. Yuca E, Karatas AY, Seker UO, Gungormus M, Dinler-Doganay G, Sarikaya M, Tamerler C. In 
vitro labeling of hydroxyapatite minerals by an engineered protein. Biotechnol Bioeng 
2011;108(5):1021–30. [PubMed: 21190171] 
169. Gorr SU. Antimicrobial peptides of the oral cavity. Periodontol 2000 2009;51:152–80. [PubMed: 
19878474] 
170. da Silva BR, de Freitas VA, Nascimento-Neto LG, Carneiro VA, Arruda FV, de Aguiar AS, 
Cavada BS, Teixeira EH. Antimicrobial peptide control of pathogenic microorganisms of the oral 
cavity: a review of the literature. Peptides 2012;36(2):315–21. [PubMed: 22664320] 
171. Chernysh S, Gordya N, Suborova T. Insect Antimicrobial Peptide Complexes Prevent Resistance 
Development in Bacteria. PLoS One 2015;10(7):e0130788. [PubMed: 26177023] 
172. Boone K, Camarda KV, Spencer P, Tamerler C. Antimicrobial Peptide Similarity and 
Classification through Rough Set Theory Using Physicochemical Boundaries. BMC 
Bioinformatics 2018;in press.
173. Wisdom C, Chen C, Yuca E, Zhou Y, Tamerler C, Snead ML. Repeatedly Applied Peptide Film 
Kills Bacteria on Dental Implants. JOM (1989) 2019;in press.
174. Yazici H, O’Neill MB, Kacar T, Wilson BR, Oren EE, Sarikaya M, Tamerler C. Engineered 
Chimeric Peptides as Antimicrobial Surface Coating Agents toward Infection-Free Implants. 
ACS Appl Mater Interfaces 2016;8(8):5070–81. [PubMed: 26795060] 
175. Wisdom C, VanOosten SK, Boone KW, Khvostenko D, Arnold PM, Snead ML, Tamerler C. 
Controlling the Biomimetic Implant Interface: Modulating Antimicrobial Activity by Spacer 
Design. Journal of Molecular and Engineering Materials 2016;4(1).
176. Xie SX, Boone K, VanOosten SK, Yuca E, Song L, Ge X, Ye Q, Spencer P, Tamerler C. 
Engineered Peptide Repairs Defective Adhesive-Dentin Interface. Applied Sciences 2019; 9, 557; 
doi:10.3390/app9030557.
177. Groen N, Guvendiren M, Rabitz H, Welsh WJ, Kohn J, de Boer J. Stepping into the omics era: 
Opportunities and challenges for biomaterials science and engineering. Acta Biomater 
2016;34:133–42. [PubMed: 26876875] 
178. Green JJ, Elisseeff JH. Mimicking biological functionality with polymers for biomedical 
applications. Nature 2016;540(7633):386–394. [PubMed: 27974772] 
Spencer et al. Page 19














Schematic of the adhesive/dentin interface. Within the hybrid layer, the hydrophilic 
component increases and the crosslink density decreases as one traverses from composite to 
dentin. The hybrid layer is characterized by water-rich pockets of resin-sparse collagen 
fibrils.
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Proposed polymethacrylate-based network structure and intrinsic self-strengthening 
processes: (A) polymethacrylate-based network formed by free-radical initiated 
polymerization and limited photoacid-induced sol-gel reaction after 40 s irradiation; (B) in 
wet environment, self-strengthening via sol-gel reaction.
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Chemical structure of amine-containing monomers
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Schematic of grafted polymer surface to inhibit MMP-8: (A) Amine-terminated polymer 
surfaces; (B) tether-MAP peptide grafted to amines via DSS linker chemistry; (C) MMP-8 
inhibition by MAP. Figure adapted from Dixit et al. 2015 138
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Visible images and corresponding Raman spectroscopic images of adhesive/dentin (A/D) 
interface specimen. Visible images: (A) A/D interface specimen; (B) A/D interface specimen 
following additional etching; (C) peptide-mediated remineralization of deficient dentin 
within the A/D interface. Corresponding Raman spectroscopic images of A/D interface 
specimen: (a) Raman XY image of A/D interface, adhesive colored as green and mineral 
colored as red; (b) Raman XY image of A/D interface following additional etching; (c) 
Raman XY image of A/D interface following peptide-mediated remineralization, the 
spectral features associated with the mineral (PO4 2- at 960 cm−1) are colored red.
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